Recent data suggest that repairing the cerebral vasculature after traumatic brain injury (TBI) may help to improve functional recovery. The Wnt/b-catenin signaling pathway promotes blood vessel formation during vascular development, but its role in vascular repair after TBI remains elusive. In this study, we examined how the cerebral vasculature responds to TBI and the role of Wnt/b-catenin signaling in vascular repair. We induced a moderate controlled cortical impact in adult mice and performed vessel painting to visualize the vascular alterations in the brain. Brain tissue around the injury site was assessed for b-catenin and vascular markers. A Wnt transgenic mouse line was utilized to evaluate Wnt gene expression. We report that TBI results in vascular loss followed by increases in vascular structure at seven days post injury (dpi). Immature, non-perfusing vessels were evident in the tissue around the injury site. b-catenin protein expression was significantly reduced in the injury site at 7 dpi. However, there was an increase in b-catenin expression in perilesional vessels at 1 and 7 dpi. Similarly, we found increased number of Wnt-GFP-positive vessels after TBI. Our findings suggest that Wnt/b-catenin expression contributes to the vascular repair process after TBI.
Introduction
Traumatic brain injury (TBI) is a serious clinical problem that is associated with long-term neurological deficits. Emerging research suggests that the cerebral vasculature is one of the major contributors to TBIrelated disabilities. 1, 2 An insult to the brain damages cerebral vessels and often leads to secondary injury. For example, patients with severe TBI experience acute reductions in cerebral blood flow that gradually resolves over the course of several days to weeks. 3 Although improved guidelines for the management of TBI patients have been introduced, they have been largely ineffective in reducing the incidence of post-injury ischemic episodes. 4 Thus, a better understanding of how the cerebral vasculature responds following TBI could provide critical insight into secondary effects and lead to development of new therapies designed to enhance vascular repair.
The time course of vascular repair after TBI has been ill-defined. Injured vessels undergo repair through sprouting angiogenesis (formation of new capillaries from existing vessels). Several studies have suggested that TBI elicits gross vascular injury that is subsequently followed by slow repair over the course of several weeks. 5, 6 The degree of vascular repair is dependent on the severity of the TBI. 5 Interestingly, secondary complications (i.e. hypoperfusion) are observed once the vascular network has repaired, which may suggest deficits in the repaired vessels. 7 At present, there are no studies that have comprehensively investigated the spatial and morphological changes of the brain vasculature after TBI.
Several putative mechanisms may be responsible for vascular repair after TBI. Vascular endothelial growth factor (VEGF) has been evaluated in several studies. 8, 9 However, VEGF treatment appears to exhibit adverse side effects making it a poor candidate for future therapeutics. 10 One alternative and unexplored mechanism is the Wnt/b-catenin cascade, which plays a major role in embryonic vascular development. This pathway regulates many aspects of the vascular repair processes, including angiogenesis, vascular sprouting, bloodbrain barrier formation, and arterial-venous specification. [11] [12] [13] [14] [15] Additionally, studies in other vascular-related injuries (stroke, hindlimb ischemia and neointimal hyperplasia) demonstrated that the components of Wnt/b-catenin pathway have angiogenic functions. [16] [17] [18] The Wnt/b-catenin pathway has recently been explored in TBI unrelated to the cerebral vasculature. Studies have shown contrasting results, with several reporting up-regulation of b-catenin after TBI, 19, 20 while others showing a dramatic reduction. 21 In damaged tissue, Wnt factors are thought to promote proliferation and differentiation of stem and progenitor cells. After TBI, the Wnt/b-catenin pathway has been linked to important repair processes, most notably astrogliosis and neurogenesis. 19, 22, 23 It is unclear what role the Wnt/b-catenin signaling plays in vascular repair after TBI.
The objective of our study was to evaluate how the cerebral vessels respond in the course of seven days following a moderate TBI. The second objective was to assess what role the Wnt/b-catenin signaling plays in the vascular repair process. We hypothesized that Wnt/b-catenin signaling is associated with repair of the injured vasculature after TBI. We utilized a controlled cortical impact (CCI) mouse model to induce a moderate TBI which lead to gross injury to the cortical vessels. We utilized a novel vessel painting technique to label the cerebral vessels in the whole brain and assessed vascular alterations at specific time points after TBI. We assessed b-catenin inside blood vessels around the lesion and utilized a Wnt transgenic mouse line to monitor Wnt gene expression. In our study, we found that TBI led to a rapid up-regulation of b-catenin expression and activation of Wnt genes in blood vessels that coincided with vascular repair. These results suggest that Wnt/b-catenin expression contributes to vascular repair following TBI and represents a potential target for future therapeutics.
Material and methods
All animal experiments and care complied with federal regulations and were approved by the Institutional Animal Care and Use Committee of Loma Linda University according to Guide For the Care and Use of Laboratory Animals (Eighth edition). Experiments received ethical approval from the LLU IACUC under the protocol numbers 8130051 and 8150023. Animal reporting is according to ARRIVE guidelines.
Animals
Male C57BL/6 mice (6-8 weeks, 25-30 g) were purchased from Jackson Laboratory. Male transgenic TCF/Lef:H2B-GFP mice (6-8 weeks, 25-30 g) were on a C57BL/6 background and were purchased from Jackson Laboratory. Animals were group housed and kept in a temperature-controlled animal facility on a 12-hour (h) light/dark cycle with free access to food and water. Home cages contained standard cob bedding. Animals were randomly assigned to three groups: control, sham, or TBI. Following brain injury, animals underwent vessel painting, Western blot, or immunohistochemistry. All animals were sacrificed at 0.5, 1, 3, or 7 days post injury (dpi). Each experiment was performed by investigators blinded to the treatment/subject.
TBI
A CCI model of moderate brain injury was utilized as described previously. 24 Briefly, mice were anesthetized with isoflurane (3% induction, 1-2% maintenance) using isoflurane vaporizer (VetEquip Inc., Pleasanton, CA, USA). Anesthetized mice were placed in a stereotaxic frame and body temperature was maintained at 37 AE 1 C with a heating pad during the surgery. A midline incision of the skin was made to expose the skull and a 5 mm craniotomy was carefully performed on the right hemisphere to expose the cortex (between Lambda and Bregma). A moderate CCI (1.5 mm depth, 3 mm diameter, 2.0 m/s speed, 200 ms dwell time) was delivered using an electromagnetically driven piston (Leica Microsystems Company, Richmond, IL). CCI procedure resulted in visible hemorrhage that gradually resolved in a few minutes. The craniotomy site was not sealed and skin was sutured. After surgery, buprenorphine (0.01 mg/kg, intramuscular) was administered to minimize pain. Animals were monitored daily following the procedure. Sham animals underwent the exact procedure without cortical impact. In a small cohort of sham animals, we noted small degree of hemorrhage which was due to the craniotomy procedure. Control animals underwent anesthesia for the identical period of time (30 min) as well as the buprenorphine injection. Control and sham animals were euthanized after three days.
Vessel painting procedure
This technique uses a carbocyanine dye (1,1 0 -dioctadecyl-3,3,3 0 ,3 0 -tetramethylindocarbocyanine perchlorate, DiI, Life Technologies, Carlsbad, CA) that binds to the lipid membranes, thereby labeling the vasculature of the entire brain. 25 Mice were assigned into three groups: Sham, TBI 1 dpi, and TBI 7 dpi (19 total, n ¼ 6-7/group). Mice were anesthetized with ketamine (90 mg/kg) and xylazine (10 mg/kg). Vessel painting was performed by cardiac injection of DiI (0.3 mg/mL in PBS containing 4% dextrose, total volume 500 mL) into the left ventricle followed by perfusion with 10 mL of phosphate buffer saline (PBS) and then 20 mL of 4% paraformaldehyde (PFA). Extracted brains were then post-fixed in 4% PFA for 24 h and stored in PBS until imaging. Success of vessel painting was confirmed based on visualized inspection of the brain parenchyma where a uniform pink stain demonstrated vascular labeling providing excellent definition of large and small cortical and subcortical vessels. Animals with uneven staining of the vessels were excluded. Axial and coronal brain images were then obtained using a BZ-X700 Keyence microscope (Keyence Corp, Osaka, Japan). Axial views of the brain were obtained using 2Â magnification and 1 mm depth of field (25.2 mm pitch, 40 slices). For coronal images, brains were sliced at the lesion site, 5 mm away from the olfactory bulbs and imaged using 2Â magnification and 0.75 mm depth of field (25.2 mm pitch, 30 slices).
Vessel painting analysis
Quantitative analysis of the labeled vessels was performed as described previously on whole brain axial and coronal views. 25 Regions of interest (ROIs) were drawn around the ipsilateral and contralateral hemisphere on 2Â axial and coronal images. Perilesional area analysis was performed using a 1.5 mm diameter ROI encompassing the lesion. ROIs were drawn around each lesion and then were expanded by 1.5 mm to encompass the perilesional area. Angiotool analysis was performed on each ROI to assess vessel characteristics, including vessel density, junction number, and average vessel length. 26 
Western blotting
Western blot assays were performed using controls in lieu of sham animals as the craniotomy results in small alterations to the cortical surface 27 and affects expression of b-catenin in the brain (data not shown). Mice were assigned into five groups: Controls (n ¼ 13), TBI 0.5 (n ¼ 6), 1 (n ¼ 7), 3 (n ¼ 6), and 7 dpi (n ¼ 6) (38 total). The animals were sacrificed by transcardial perfusion with PBS. Extracted brains were cut into four quadrants (between the midline and Bregma) and the quadrants containing the injury site were processed to extract cytoplasmic and nuclear proteins (Nuclear extraction kit, EMD Millipore, Temecula, CA). Protein concentration was determined using a Bradford assay (Thermo Scientific, Rockford, IL). Protein (8 or 10 mg) was subjected to electrophoresis on 4-12% Sodium Dodecyl Sulfate PolyAcrylamide Gel Electrophoresis gels and transferred onto polyvinylidene difluoride membranes. Immunoblots were probed with the following antibodies: rabbit anti-bcatenin, rabbit anti-GAPDH, rabbit anti-Lamin B1 (1:2000), rabbit anti-Cyclin D1 (1:10,000), or antiWnt5a (1:200) (all antibodies from Abcam, Cambridge, MA). Secondary incubations were performed with anti-rabbit DyLight 800 (1:2500, Thermo Fisher, Rockford, IL, USA) and anti-mouse IRDye 680 (1:2500, LI-COR, Lincoln, NE, USA) antibodies and incubated for 2 h. Bands were visualized using an infrared scanner (Odyssey, LI-COR). Image Studio Lite (LI-COR) was used for densitometry analysis, and band intensities were normalized to their respective loading controls.
Immunohistochemistry
Mice were assigned into three groups: Controls, TBI 1 dpi, and TBI 7 dpi (n ¼ 3-4/group). All animals appeared healthy before sacrificing. C57BL/6 (12 total) and transgenic TCF/Lef:H2B-GFP (12 total) mice used for immunohistochemistry were sacrificed by transcardial perfusion with PBS and 4% PFA. Following post-fixation, brains were cryoprotected in 30% sucrose solution for 24 h. -catenin and IB4 expression analysis Mouse brain sections from control and TBI animals were labeled with b-catenin antibody and T-lectin. Vessel-painted brain sections DiI from sham and TBI 7 dpi animals were labeled with IB4 antibody. Images were blinded before analysis. For each animal, two images were randomly captured with a fluorescence microscope (Keyence BZ-X700) in the cortical tissue surrounding the injury site at 20Â magnification. Images were converted to grayscale and background was reduced by adjusting threshold values using ImageJ software. Images were overlaid (Image calculator, multiply) or subtracted (Image calculator, subtract) in order to measure the amount of co-localized and non-co-localized signal of the b-catenin and T-lectin channels, respectively. Total b-catenin, co-localized intensity, and non-co-localized intensity were calculated, and integrated density values were used for analysis. Total IB4 and IB4-DiI colocalized integrated density were also calculated.
Quantification of Wnt-GFP expressing cells and vessels
TCF/Lef:H2B-GFP mouse brain sections at the level of the injury were stained with T-lectin. Two images were randomly captured from the cortical tissue surrounding the injury site at 20Â magnification. GFP-positive nuclei and vessel segments were counted using the cell counting plugin in ImageJ. GFP-positive vascular cells were selected according to their endothelial cell-like morphology (oval nuclei, scant cytoplasm, and elongated cell outline) and location in the vessel. A single vessel segment was selected if it was present between two vessel junction points, two open endpoints, or a junction and open endpoint. GFP-positive vascular cells, positive vessel segments, and total vessel segments were calculated as a total of the two images. Immunohistochemical analyses were performed blindly and interpreted independently by two experimenters.
Statistics
Investigators were blinded to experimental conditions for all analyses. All measurements and analysis were performed without knowledge of the groups. One-way analysis of variance (ANOVA), with a post-hoc Tukey test, was used for comparison of vessel characteristics between hemispheres and perilesional tissue. One-way ANOVA, with a post-hoc Tukey test, was used for comparison of b-catenin and Cyclin D1 protein levels at multiple time points. Student t-test was used for comparison of Wnt5a protein levels. The data for the parametric tests showed a normal distribution and passed the Shapiro-Wilk normality tests. Student t-test, with Mann-Whitney test, was used for comparison of IB4 and DiI expression, and one way ANOVA, with Kruskal-Wallis test, was used for comparison of Wnt-GFP cells and positive vessel segments at multiple time points. All analyses was performed using GraphPad Prism 5.0 (GraphPad, San Diego, CA). Outliers were identified if they were below or above 1.5 times the interquartile range. All error bars are presented as standard error of mean (SEM). Statistical significance was noted at *p < 0.05, **p < 0.01, or ***p < 0.001.
Results

Assessment of the cortical vasculature
We developed a novel vessel painting protocol that labels the whole brain vasculature. Vessel-painted brains revealed excellent staining of the cortical and subcortical vessels (Figures 1(a) and 2(a)). Thus, we utilized this technique to visualize vessel alterations within the brain after a moderate TBI. All animals appeared healthy before the procedure. A craniotomy alone in the sham group showed minimal disruption of the vessels. The 1-day post-injury (dpi) group showed clear vascular loss at the site of the injury which extended to the outer perimeters as previously reported 28 ( Figure 1(b) ). Conversely, the 7 dpi group revealed revascularization around the injury site ( Figure 1(b) ). The majority of these new vessels appeared to originate from the perilesional tissue, radiating towards the injury site ( Figure S1 ). Irregular, disorganized, and clearly disrupted vessels were also evident within the base of the injury site.
In order to determine the degree of vessel alterations after TBI, we undertook vascular analysis to evaluate vessel density, number of junctions, and average vessel length (Figure 1 (c) to (f)). The sham group (n ¼ 6/6) showed a reduction in vessel density in the ipsilateral hemisphere compared to the contralateral hemisphere (not significant), which was the result of the craniotomy. Vessel density in the ipsilateral hemisphere was Representative images from Sham, 1 dpi, and 7 dpi groups. Sham animals exhibited minor vascular disruptions due to the craniotomy. In the 1 dpi group, there was a clear disruption of the vessels that extended beyond the impact site. In contrast, the 7 dpi group showed the presence of newly formed vessels around the impact site. The inset illustrates these new vessels at high magnification. Scale bar ¼ 1000 mm, 100 mm (insert). (c) Vascular analysis of the ipsilateral hemisphere demonstrating a reduction in vessel density (one-way ANOVA, p < 0.05) in 1 dpi group compared to shams, while the 7 dpi group showed a significant increase in vessel density (one-way ANOVA, ***p < 0.001, *p < 0.05) compared to the 1 dpi and sham groups. The contralateral hemisphere also exhibited a reduction in vessel density (not significant) at 1 dpi compared to the sham group. Interestingly, the 7 dpi group showed a significant increase in vessel density (one-way ANOVA, *p < 0.05) compared to the 1 dpi group with no change compared to shams. (d) Vascular analysis of perilesional tissue revealing a significant increase in vessel density (one-way ANOVA, **p < 0.01) in the 7 dpi compared to the 1 dpi group. (e) Analysis of the perilesional tissue revealing a significant increase in the number of junctions (one-way ANOVA, **p < 0.01) in the 7 dpi compared to 1 dpi and sham groups. (f) Similarly, we observed a significant increase in average vessel length (one-way ANOVA, *p < 0.05) in the 7 dpi compared to 1 dpi and sham groups.
decreased at 1 dpi by 36.7% compared to shams (p < 0.05), which was followed by a 118.9% increase at 7 dpi (p < 0.001) (Figure 1(c) ). The 1 dpi group (n ¼ 5/6, 1 outlier) exhibited decreased total vessel density of 11.69 AE 2.08 (mean AE SEM) compared to 25.59 AE 0.93 in the 7 dpi group (n ¼ 4/5, 1 outlier). Interestingly, the contralateral hemisphere showed a similar 48% increase in vessel density at 7 dpi (p < 0.05) compared to 1 dpi (Figure 1(c) ). The 1 dpi group had a total vessel density of 19.93 AE 2.01 compared to 29.49 AE 0.51 in the 7 dpi group. We next examined the vessel differences in the perilesional tissue (Figure 1(a) ). The sham group (n ¼ 6/6) showed no significant difference in any vessel parameters when comparing both hemispheres. The 1 dpi group (n ¼ 5/6) showed a reduction in vessel density Representative images of sham, 1 dpi, and 7 dpi animals. The sham group exhibited minor loss of vessel density, whereas the 1 dpi group had extensive vascular loss of the cortical vessels that extended to the corpus callosum (CC, yellow dotted line). The 7 dpi group revealed newly formed vessels radiating toward the impact site (arrow). High magnification image of designated vessel is present in the insert. Scale bar ¼ 200 mm, 100 mm (insert). (c) Vascular analysis of the ipsilateral hemisphere demonstrating a reduction in vessel density (not significant) at 1 dpi, while the 7 dpi group showed a significant increase in vessel density (one-way ANOVA, ** p < 0.01) compared to the 1 dpi group. Analysis of the contralateral hemisphere demonstrated an increase in vessel density (one-way ANOVA, *p < 0.05) in 7 dpi group compared to shams. (d) Vascular analysis of the perilesional tissue revealing a significant increase in vessel density (one-way ANOVA, **p < 0.01) in the 7 dpi compared to the 1 dpi group. Vessel density in the 7 dpi group (one-way ANOVA, **p < 0.01) was significantly reduced compared to the sham group. (e) Similarly, we observed a significant increase in the number of junctions (one-way ANOVA, **p < 0.01) in the 7 dpi compared to the 1 dpi group. Number of junctions in the 7 dpi group (one-way ANOVA, *p < 0.05) was significantly reduced compared to the Sham group. (f) Vessel length at 1 and 7 dpi showing a reduction compared to the shams, but it did not reach significance.
compared to the sham group, but this did not reach significance (no statistical differences appeared in any of the other parameters). We observed a 97.1% increase in vessel density (p < 0.01), 157.0% increase in number of junctions (p < 0.01), and 93.7% increase in average vessel length (p < 0.05) at 7 dpi (n ¼ 4/5, 1 outlier) compared to 1 dpi (Figure 1(d) to (f) ). Thus, these results suggest that there is a global increase in the vasculature following TBI across both hemispheres by 7 dpi.
Assessment of the subcortical vasculature
To further assess the effects of cortical injury to the vasculature, we analyzed coronal sections of vesselpainted brains (Figure 2(a) ). The 1 dpi group revealed loss of the cortical vessels that extended to the corpus callosum (Figure 2(b) ), and similar to the whole brain axial data (see above), the 7 dpi group exhibited increased vascularization around the injury site (Figure 2(b) ). Newly formed vessels appeared to extend from the surrounding tissues radiating toward the injury site. Similar to the axial cortical findings, sham mice showed minor injury to the cortical vessels.
Vascular analysis was performed on the coronal sections to quantify vessel characteristics. There was no significant difference in vessel density between the hemispheres. Vessel density in the ipsilateral hemisphere exhibited a non-significant decrease at 1 dpi (p ¼ 0.12), followed by a significant 56.5% increase at 7 dpi (p < 0.01) (Figure 2(c) ). The 1 dpi group (n ¼ 5/6, 1 outlier) exhibited a total cortical vessel density of 9.33 AE 0.74 compared to 14.61 AE 0.56 in the 7 dpi group (n ¼ 5/5). Vessel density in the contralateral tissue was increased by 41.6% at 7 dpi (p < 0.05) compared to the shams (Figure 2(c) ). The sham group (n ¼ 6/6) had a total vessel density of 11.86 AE 1.38 compared to 16.79 AE 1.06 in the 7 dpi group.
Analysis of vascular features in the perilesional tissue (Figure 2(a) ) found that TBI caused a significant decrease in vessel density and number of junctions at 1 dpi (p < 0.001, n ¼ 5/6, 1 outlier), followed by 77.9% and 143% increase at 7 dpi (n ¼ 5/5) (Figure 2(d) to (f) ). Interestingly, both parameters at 7 dpi were still significantly reduced compared to shams (p < 0.05, p < 0.01, n ¼ 6/6). There was no significant difference in average vessel length. Thus, these results suggest that despite robust repair of the cortical vessels, there is a slower temporal repair of vessels within the deeper layers of the cortex.
Newly formed, non-perfusing vessels
While our vessel painting technique labels perfused vessels in the brain, this method does not directly identify new or immature vessels after injury that are nonperfusing. Undamaged and newly formed vessels can be distinguished according to endothelial tip cell morphology and their perfusion status. 29 To investigate this, we further examined our vessel-painted brains and stained with IB4 to label all the blood vessels, including endothelial tip and stalk cells. The 7 dpi group exhibited an increased number of IB4þ/DiIÀ vessels in comparison to the sham group (Figure 3(a) ). Along with having reduced or lack of DiI staining, these vessels appeared thinner and more elongated than normal sham vessels, suggesting that they are likely immature (Figure 3(b) ). Furthermore, we observed IB4þ endothelial tip cells extending their filopodia into the extracellular environment that often were not associated with DiIþ vascular components consistent with vascular sprout formation (Figure 3(c) ). Quantitative analysis of the perilesional tissue revealed an increase in IB4 expression in the 7 dpi (p ¼ 0.09) compared to the sham group, but this did not reach significance. However, we observed a 31.0% reduction in DiI-expressing IB4þ vessels by 7 dpi (p < 0.05) when compared to the shams, indicating that the new vessels are non-perfusing. The sham group (n ¼ 3/4, 1 outlier) had a DiI/IB4 colocalized integrated density of 2463 AE 63.69, while the 7 dpi group (n ¼ 4/4) had 1700 AE 202.40. Thus, these data provide further evidence for vascular regrowth after TBI.
Changes in -catenin expression profile
The Wnt/b-catenin signaling pathway is tightly regulated by the protein b-catenin. Upon activation, b-catenin escapes degradation where it accumulates in the cytoplasm and translocates into the nucleus where it complexes with T-cell-specific transcription factor/ lymphoid enhancer-binding factor (TCF/LEF) to promote transcription of Wnt target genes. We hypothesized that TBI activates the Wnt/b-catenin signaling pathway to initiate vascular repair. To test this hypothesis, we measured cytoplasmic and nuclear b-catenin protein levels in the injury site over the course of seven days after injury. The animals in the control group showed no change in cytoplasmic and nuclear b-catenin levels over seven days following anesthesia treatment. We found that cytoplasmic b-catenin protein levels were reduced to 93.9% by 7 dpi (p < 0.05) when compared to 1 dpi (Figure 4(a) and (b) ). The 1 dpi group (n ¼ 5/7, 2 outliers) had a normalized cytoplasmic b-catenin level of 92.15 AE 20.55 compared to 5.59 AE 3.52 for the 7 dpi group (n ¼ 5/6, 1 outlier). Similarly, there was a 35.7% reduction in nuclear b-catenin protein levels by 7 dpi (p < 0.05) (Figure 4(a) and (c) ). The 1 dpi group had normalized nuclear b-catenin levels of 84.01 AE 5.17 compared to 54.03 AE 8.30 for the 7 dpi group.
To assess activation of Wnt genes, we measured the expression of the downstream Wnt target gene Cyclin D1. We found that cytoplasmic Cyclin D1 protein levels were increased at 1 dpi (p < 0.01) and peaked at 3 dpi (p < 0.001) when compared to 12-h group ( Figure  4(d) and (e)). The 3 dpi group (n ¼ 5/5) had a normalized Cyclin D1 levels of 203.20 AE 17.2 compared to 80.67 AE 9.37 for the 12-h group (n ¼ 5/5) with an increase of 151.9%. Interestingly, Cyclin D1 protein levels were reduced at 7 dpi (p < 0.05) when compared to the 3 dpi group. We next tested the expression of non-canonical Wnt5a, which downregulates b-catenininduced gene expression. 30 Wnt5a protein levels increased 141.9% at 7 dpi (p < 0.05) when compared to 1 dpi group (Figure 4(f) to (g) ). The 7 dpi group (n ¼ 5/5) had a normalized Wnt5a levels of 150.90 AE 26.78 compared to 62.06 AE 20.24 for the 1 dpi group (n ¼ 4/5, 1 outlier). Thus, these data suggest that b-catenin levels are reduced at the injury site at 7 dpi and are likely inhibited by the non-canonical Wnt pathway.
We investigated b-catenin expression in blood vessels in the injured cortical tissue by staining for b-catenin and the vascular marker T-lectin. The control group exhibited uniform b-catenin expression throughout the cortex, where b-catenin-expressing cells were primarily non-vascular and seen adjacent to the vessels ( Figure 5(a) ). After TBI at 1 dpi and 7 dpi, we observed a dramatic reduction in b-catenin expression around the injured cortex. Interestingly, b-catenin expression was specifically up-regulated in cortical vessels ( Figure 5(a) ). Quantitative analysis revealed a gradual Figure 2) , whereas the 7 dpi group exhibited a reduction in labeled vessels adjacent to the injury site (top panel). Similarly, in shams, there was a uniform staining of IB4þ vessels with an apparent reduction in the 7 dpi group. Interestingly, there appeared to be an increase in co-localized DiI and IB4þ vessels in the sham group, with little co-localization in the 7 dpi group. The boxed area is enlarged in (b). Star indicates region of impact. Scale bar ¼ 100 mm. reduction in b-catenin expression over the course of seven days after injury (p < 0.001, control n ¼ 4/4. TBI 7 dpi n ¼ 4/5, 1 outlier) ( Figure 5(b) ), consistent with our earlier findings (Figure 4(a) to (c) ). Despite the local decrease, b-catenin expression in T-lectinþ vessels was significantly increased by 1 and 7 dpi (p < 0.05, TBI 1 dpi n ¼ 4/4, p < 0.001) in comparison to controls (Figure 5(c) ). Furthermore, TBI groups showed a reduction in T-lectin density compared to control groups. Together, these data indicate that (b) Densitometric analysis showing a significant decrease in cytoplasmic b-catenin levels (one-way ANOVA, *p < 0.05) at 7 dpi compared to the 12 h and 1 dpi groups. (c) Similarly, there was a significant decline in nuclear b-catenin levels (one-way ANOVA. *p < 0.05) in the 7 dpi compared to 1 dpi group. Control (n ¼ 13), TBI 12 h (n ¼ 6), 1 dpi (n ¼ 7), 3 dpi (n ¼ 6), and 7 dpi (n ¼ 6) group. (d) Western blot revealed that Cyclin D1 protein levels peak by 3 dpi followed by reduction at 7 dpi. b-actin was used as cytoplasmic loading control; 10 mg loaded per well. (e) Densitometric analysis demonstrating a significant increase in Cyclin D1 levels at 1 and 3 dpi (one-way ANOVA, **p < 0.01, ***p < 0.001) when compared to the 12-h group. Expression peaked at 3 dpi. There was a significant decline in Cyclin D1 levels at 7 dpi (one-way ANOVA, * p < 0.05) compared to the 3 dpi. (f) Western blot revealing an increase in Wnt5a protein levels at 7 dpi compared to 1 dpi. b-actin was used as cytoplasmic loading control. 10 mg loaded per well. (g) Densitometry analysis showing a significant increase in Wnt5a levels at 7 dpi (Student t-test, *p < 0.05) when compared to 1 dpi group.
while there is a gradual decrease in b-catenin expression after TBI, there is dramatic shift from non-vascular to expression within vascular elements in the cortical tissue.
Expression of Wnt target genes
To assess Wnt gene expression, we utilized a transgenic reporter mouse line (TCF:LEF1:H2B-GFP) that expresses Histone 2B-GFP fusion protein under the control of TCF/LEF response elements. Similar to wild type, TCF:LEF1:H2B-GFP mice showed an identical reduction in b-catenin expression at 7 dpi (p < 0.05, n ¼ 4/4) when compared to controls (n ¼ 3/ 3) ( Figure S2 ). Mouse brain sections from control and TBI groups were stained with T-lectin, and the perilesional tissue was assessed. The control group had few The controls exhibited b-catenin uniform expression in the cortex whereas there was a dramatic loss of expression in the 1 and 7 dpi animals. Vascular loss relative to controls was also observed in the 1 and 7 dpi groups (T-lectin). Interestingly, in the control animals b-catenin expression was observed adjacent to vessels stained with T-lectin, whereas 1 and 7 dpi animals clearly demonstrated b-catenin expression inside vascular structures. Note the increased number of b-cateninþ/T-lectinþ vessels in the 1 and 7 dpi groups (arrows). No auto fluorescence was observed in the 594 and 488 channels in any of the tissues. High magnification insert with DAPI illustrates b-catenin-expressing cells adjacent to the vessels in the controls groups and b-catenin+ vessels in the 1 and 7dpi groups. Star indicates region of impact. Scale bar ¼ 100 mm, 50 mm (insert). (b) Densitometric analysis of b-catenin expression in the ipsilateral cortex revealing a significant reduction at 7 dpi compared to controls (one-way ANOVA, **p < 0.01). (c) Analysis of b-catenin localization revealing a significant increase in b-catenin expression in T-lectinþ vessels (increased colocalized/non-colocalized ratio) at 1 and 7 dpi compared to the controls (one-way ANOVA, *p < 0.05, ***p < 0.001).
Wnt-GFP vascular cells inside vessels with most positive cells adjacent to the vessel wall. In contrast, TBI 1 dpi and 7 dpi groups revealed a profound increase in Wnt-GFP vascular cells inside cortical vessels (Figure 6(a) and (b) ). Quantitative analysis confirmed a 110.7% increase in Wnt-GFP vascular cells within vessels at 1 dpi (p < 0.05, n ¼ 4/4) followed by a decline to control levels by 7 dpi (p ¼ 0.07, n ¼ 4/4) ( Figure 6(c) ). Control mice (n ¼ 3/3) had 42.00 AE 14.01 GFP-positive cells, whereas the 1 dpi group had 88.50 AE 10.65. We also quantified the number of vessel segments that showed Wnt-GFP positivity. Analysis revealed a 126.7% increase in Wnt-GFP-positive vessel segments at 7 dpi (n ¼ 4/4) compared to the controls (n ¼ 3/3) (Figure 6(d) ). Controls had 0.15 AE 0.05 GFP-positive vessels, whereas the 7 dpi group had 0.34 AE 0.05. There was an increase in Wnt-GFP-positive vessel segments at 1 dpi (n ¼ 3/4, 1 outlier), but (c) Quantitative analysis revealing a significant increase in the number of Wnt-GFP vascular cells at 1 dpi (one-way ANOVA, *p < 0.05) which was followed by decrease at 7 dpi (one-way ANOVA, p ¼ 0.09). (d) Quantitative analysis revealing a significant increase in Wnt-GFP-positive vessel segments at 7 dpi compared to the controls (one-way ANOVA, *p < 0.05).
(e) Immunofluorescence of GFP (green) and von Willebrand Factor (vWF; red) in control and 7 dpi group. The control group exhibited heterogeneous vWF expression throughout the brain. In contrast, 7 dpi group showed vWF expression in blood vessels around the impact site. Wnt-GFP vascular cells were found in and around most of these vessels (arrows). Scale bar ¼ 50 mm. (f) Immunofluorescence of Sox17 (blue), GFP (green), and T-lectin (red) in control and 7 dpi group. Sox17 expression is up-regulated in vessels after 7 dpi and colocalizes with GFPþ vessels in Wnt reporter mice. Scale bar ¼ 50 mm.
this did not reach significance. We also observed increased GFP expression in neurons (NeuNþ) and astrocytes (GFAPþ) in the injured cortex ( Figure S3 ), which confirms findings from previous studies. 22, 23 We stained with the vascular marker von Willebrand factor (vWF), which preferentially labels activated vessels and has previously been shown to identify newly formed vessels in tumors 31 and in transplanted islets. 32 The control and 1 dpi group showed heterogeneous vWF expression throughout the cortex with limited staining in vascular structures (data not shown for 1 dpi group). Conversely, vWF expression was enhanced in perilesional vessels by 7 dpi. Furthermore, we observed Wnt-GFP-vascular cells in and around vWFþ vessels ( Figure 6(e) ). We next examined the expression of the Wnt target gene, sex-determining region Y-box 17 (Sox17) 33 after TBI. Compared to the controls, Sox17 expression was increased in vascular structures at 7 dpi and co-localized with Wnt-GFP-positive vessels ( Figure 6(f) ). Together, these results strongly suggest that Wnt gene expression is enhanced in the vasculature after TBI and it may participate in vascular repair.
Discussion
In this study, we sought to understand how the cerebral vasculature responds after TBI and if Wnt/b-catenin signaling could play a role in vascular repair. We report the following novel findings: (1) TBI results in vascular loss at 1 dpi which was followed by a subsequent increase in vascular features at 7 dpi, (2) immature, non-perfusing vessels were evident around the site of injury at 7 dpi, (3) b-catenin protein levels were reduced in the injury site at 7 dpi, (4) b-catenin expression was increased in perilesional vessels at 1 and 7 dpi, and (5) the number of Wnt-GFPþ vessel segments was increased after trauma. Our findings suggest that Wnt/b-catenin expression contributes to the vascular repair process after TBI.
Preclinical studies using a variety of animal models of TBI have reported repair of injured vessels, albeit abnormal. Park et al. 5 demonstrated that injured cortical vessels were repaired by 14 days after fluid percussion injury. Interestingly, the repaired vasculature in moderate and severely injured animals was abnormal compared to sham animals. Mice that received multiple blast exposures had occluded vessels and narrowed lumens at six months after injury. 34 Similarly, Hayward et al. 7 revealed that vessel density in the ipsilateral cortex was restored by 14 days after fluid percussion injury but with altered cerebral blood flow. We found that there was a decrement at 1 dpi followed by an increase in vessel features at 7 dpi. Our data reveal a more gradual repair of the subcortical vessels within the brain when compared to the cortical vessels on the dorsal surface. The repaired vessels around the injury site appeared irregular and were clearly morphologically different from the uninjured vessels in the sham group. These malformed vessels likely affect how the brain tissue undergoes repair, for example they could impede delivery of oxygen and neurovascular substrates that are necessary for neurogenesis. 35 Additionally, these malformed vessels may prevent clearance of fluid and waste products from the injured tissue and be more susceptible for hemorrhagic progression and other secondary complications. 2 Our results and the work from others suggest that the repaired vasculature is abnormal after TBI, but more work is needed to assess the functionality of these abnormal vessels and how they affect functional outcome.
While previous studies have provided some evidence of vascular repair at the TBI lesion site, they have not assessed changes in the whole brain (hemispheric). 5, 7, 34 We are the first to report an increase in vascular features in both hemispheres by 7 dpi. These findings strongly suggest a diaschisis effect in which blood vessels from undamaged regions of the brain are activated and have the potential to influence vascular repair. One possible explanation for this effect is up-regulation of angiogenic factors within the blood circulation. Patients with severe TBI have been reported to have increased expression of serum VEGF and angiopoietin-1, two key factors involved in sprouting angiogenesis, by 7-14 dpi. 36, 37 These circulating factors likely activate blood vessels throughout the brain and lead to increased vascularization. Another explanation could be diffuse hypoxia, which has been reported in clinical TBIs and can last up to one week after injury. 38 Hypoxia is one the many inducers of sprouting angiogenesis after injury. Studies have shown that chronic hypoxia increases vessel growth in both hemispheres of the rodent brain. 39, 40 Thus, angiogenic factors may be up-regulated in diffuse regions of the brain after TBI through a hypoxic-mediated response.
Many studies have utilized a variety of protocols to stain the vasculature in rodents, but these techniques have low efficiency rates, do not effectively stain all the vessels in the whole brain, and have minimal fluorescence. 5, 41 In our study, we utilized a novel vessel painting technique to visualize the cerebral vasculature after a moderate TBI. While our technique provides excellent staining of all the blood vessels in the mouse brain (including microvessels), it was difficult to acquire consistent staining across animals. We found that 65% (20 of 31) of mice showed excellent vessel staining, using very stringent criteria (uniform pink staining of entire brain parenchyma and staining of large and small vessels in cortical and deep compartments of the brain) that underwent analysis. We previously utilized a similar staining procedure in the adult rat after a moderate TBI and found that 70% of rat brains showed excellent vessel staining. 25 An issue with labeling of the vessels may be the result of the high alcohol content (10%) in the DiI solution. Another limitation with our technique is the preferential labeling of DiI to arteries. Previous protocols that used DiI reported high staining of arteries with veins only weakly stained. 42 Sprouting angiogenesis, or the formation of new capillaries from existing vessels, is an important repair response that is activated after injury. This process is driven by endothelial tip and stalk cells where tip cells migrate into the hypoxic tissue and lead to vessel sprouts, whereas stalk cells proliferate to form the vessel lumen and extend the sprout. 43 Together, these cells form an immature non-perfusing vessel which is later remodeled and matured to form a functional, perfusing vessel. 43 The 7 dpi group showed vessels with narrowed lumens, elongated shapes, and sprouting endothelial tip cells. One interesting finding was that 31.0% of the vessels appeared to have reduced DiI staining which may be a reflection of their immaturity. While these findings suggest that sprouting angiogenesis is occurring around the lesion site, the possibility still exists that these vessels are not de novo but existing vessels that were constricted. We believe that this is unlikely since most instances of vasospasms are transient and occur early after injury, i.e. part of hemostasis. [44] [45] [46] Severe vasospasms can last for several weeks after severe TBI and blast injuries but are likely not present in our moderate model at this time point. 45 Another possibility is the obstruction of vessels by microthrombi. Schwarzmaier et al. 46 observed the formation of microthrombi in pial vessels early after moderate TBI (<2 h) leading to reductions in blood flow to the perilesional tissue. The incidence of microthrombi is highest in the acute phases of injury and tends to resolve by one to two weeks. 47 While we cannot rule out the possibility of microthrombi occluding vessels early after TBI, it is unlikely that this will occur at our later time points.
Activation of the Wnt/b-catenin pathway has reported after TBI. However, studies have shown contrasting results with regard to b-catenin expression after TBI. [19] [20] [21] The expression profile of b-catenin appears to be dependent on the injury model. We found a reduction in global b-catenin protein levels in the injured brain tissue at 7 dpi. Our results are consistent with Zhang et al., 21 which found a downregulation of b-catenin protein levels between 3 and 14 days after weight drop injury. Interestingly, despite a reduction in nuclear b-catenin, we noticed increased expression of Cyclin D1 at 1 and 3 dpi, indicating that even low levels of nuclear b-catenin can induce gene activation. It has been suggested that b-catenin fold changes, as opposed to absolute levels, controls Wnt/b-catenin pathway activation. 48 Moreover, when b-catenin is present in the nucleus, it can interact with TCF/LEF family of transcription factors along with a multitude of other transcription factors to enhance or inhibit Wnt/b-catenin signaling. 49 One key inhibitor is the non-canonical Wnt pathway, which can inhibit b-catenin/TCF activity. 30 Others have reported that non-canonical Wnts directly modulate b-catenin by inducing its degradation 50 or redirecting it to the cell membrane. 51 In support of this, we observed increased Wnt5a expression at 7 dpi, indicating that non-canonical Wnt pathway may be involved in suppressing Wnt/b-catenin pathway.
The Wnt/b-catenin signaling pathway is critical in the formation of blood vessels in the central nervous system (CNS). 13, 15 The Wnt/b-catenin pathway is robustly activated in CNS vessels during development, but its activity declines in the adult. 52, 53 Emerging research suggests that the Wnt/b-catenin pathway is reactivated in blood vessels following CNS injuries and diseases. Lengfeld et al. 54 demonstrated that Wnt/b-catenin pathway partially repairs the bloodbrain barrier following multiple sclerosis. Dysfunctional Wnt/b-catenin signaling has also been implicated in aberrant angiogenesis in Huntington's disease. 55 Additionally, this pathway possesses many angiogenic functions in non-CNS injuries. In a vascular balloon injury, b-catenin induces vascular remodeling after injury, 16 and Kim et al. 17 showed that b-catenin modulates angiogenesis and improves vascular function in a mouse hindlimb ischemia model. Our results extend these early observations, wherein we report increased b-catenin expression and enhanced Wnt gene expression in the cerebral vessels at 1 and 7 days after TBI. Together, our findings suggest that Wnt/b-catenin expression likely has a role in vascular repair and represents a potential target for future therapeutics for TBI and other brain injuries.
Numerous angiogenic factors are up-regulated after TBI and have distinct expression profiles and functions. One such molecule is VEGF, which plays a role in poststroke angiogenesis. 56 Experimental studies using animal models of TBI have reported up-regulation in VEGF expression at 3-7 dpi. 9, 57, 58 An important finding was the rapid up-regulation of b-catenin in the cortical vessels, indicating that b-catenin may be the driving force for vascular repair by regulating the expression of VEGF and other putative angiogenic factors. The VEGF promoter contains seven binding sites for b-catenin/TCF, 59 and b-catenin has been shown to increase VEGF expression after hindlimb ischemic injury. 17 Thus, b-catenin may directly regulate VEGF expression or act in parallel with VEGF to promote vascular repair after TBI.
In summary, the cerebral vasculature participates in the pathogenesis of TBI and treatments that can enhance vascular repair and restore vascular function are critical for functional outcome. This study provides quantitative morphometric information on the vascular network in acute and subacute stages of TBI. The Wnt/b-catenin signaling pathway has been studied in the context of regeneration, neuronal, and glial cell populations, after TBI. 20, 22, 23 The present study is the first to examine this pathway in the context of vascular repair after TBI. We are the first to report increased b-catenin expression and activation of Wnt genes in the vasculature early after TBI, suggesting that Wnt/b-catenin signaling may be a key player in the initiation of vascular repair. Our results open up the possibility of targeting the Wnt/b-catenin signaling pathway to enhance vascular repair as a therapeutic target for TBI. The Wnt/b-catenin signaling pathway may work in conjunction with Notch signaling to activate vascular repair genes after injury. Ongoing research will be needed to discover the molecular mechanisms underlying Wnt/b-cateninmediated vascular repair.
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